in order to evaluate whether biophysical and social factors modify vulnerability to heavy rainfall events. A heavy rainfall event was defined as 24-hour rainfall exceeding the 90th percentile value (56 mm) in a given 7-day period within the study period. Mixedeffects Poisson regression was used to test the hypothesis that rainfall in the prior 8 weeks, water and sanitation conditions, and social cohesion modified the relationship between heavy rainfall events and diarrhea incidence. Heavy rainfall events were associated with increased diarrhea incidence following dry periods (incidence rate ratio = 1.39, 95% confidence interval: 1.03, 1.87) and decreased diarrhea incidence following wet periods (incidence rate ratio = 0.74, 95% confidence interval: 0.59, 0.92). Drinking water treatment reduced the deleterious impacts of heavy rainfall events following dry periods. Sanitation, hygiene, and social cohesion did not modify the relationship between heavy rainfall events and diarrhea. Heavy rainfall events appear to affect diarrhea incidence through contamination of drinking water, and they present the greatest health risks following periods of low rainfall. Interventions designed to increase drinking water treatment may reduce climate vulnerability.
Global climate change may increase the burden of diarrheal diseases, which are already a leading cause of childhood morbidity and mortality (1, 2) . Diarrhea causes approximately 700,000 deaths annually in children under age 5 years (3), so even small proportional increases in risk can substantially increase disease burden. However, uncertainties about the impact of climate on the transmission of diarrheal pathogens have been a key limitation in quantifying the associations of climate change with health (1, 4) .
Both temperature and rainfall have the potential to affect the transmission of waterborne diarrheal pathogens. Higher temperatures may increase pathogen replication and survival rates; rainfall pulses can flush fecal material into waterways; and droughts may concentrate microorganisms in water sources.
With few exceptions (e.g., see Milojevic et al. (5)), high temperatures and rainfall have been found to increase the risk of diarrhea, but considerable uncertainty remains. Higher temperatures have been consistently associated with higher rates of diarrhea (6) (7) (8) (9) (10) , but risk estimates vary widely (4) . While increased rainfall may increase diarrhea risk, evidence to date suggests that so too may low rainfall and drought. Increased gastrointestinal disease has been associated with any rainfall in the United States (11), with both low and high levels of rainfall in the Pacific Islands (10) and Bangladesh (7) , and with low rainfall in a global cross-sectional study (12) . Both Curriero et al. (13) and Thomas et al. (14) found positive associations between heavy rainfall events and waterborne disease outbreaks in North America. Flooding has been associated with increased diarrhea in Bangladesh (15, 16) , Mozambique (17) , and the United States (18) , but Milojevic et al. (5) found no evidence of flooding-associated diarrhea risk in Bangladesh.
The Intergovernmental Panel on Climate Change defines vulnerability as the degree to which a system is susceptible to, and unable to cope with, the adverse effects of climate change (2) . Social and environmental factors such as water and sanitation infrastructure, hygiene behaviors, and community cohesion directly affect the transmission of diarrheal pathogens (19, 20) , and these same factors may determine a community's vulnerability to weather events, including temperature and rainfall extremes. For example, sanitation infrastructure may prevent the spread of pathogens during heavy rainfall events. Community social cohesion may affect the capacity of a community to respond to a flooding event.
Similarly, prior weather patterns may modify the health impacts of weather events. For example, extended dry periods may allow for accumulation of pathogens through fecal deposition, leading to a greater input of pathogens into waterways when heavy rainfall occurs.
To account for the complex interplay between climate, social and environmental conditions, and health, differential sensitivity of human communities to the stresses imposed by climate variability must be taken into account (1, 21) . While many frameworks and conceptual models exist (22, 23) , there are few examples of successful integration of biophysical and social data into quantitative analyses of the impacts of climate change. Biophysical and social factors have been combined in quantitative analysis of heat vulnerability (24) and diarrhea (15) , but these examples are rare. Such integrated approaches can improve our understanding of climate vulnerability and can shed light on the mechanisms by which weather events affect health.
We examined the extent to which social and biophysical factors modify climate-disease relationships, focusing on rainfall. Using a 3-year active surveillance data set of weekly diarrhea incidence from over 5,000 persons in 19 communities in northern coastal Ecuador, we tested the hypothesis that community drinking water treatment, improved sanitation, hygiene practices, social cohesion, and long-term rainfall patterns modify the relationship between heavy rainfall events and diarrhea incidence.
METHODS

Study population
The study was conducted in Esmeraldas Province, Ecuador, where approximately 125 villages lie along the Cayapas, Santiago, and Onzole rivers. These rivers flow toward Borbón, a town of approximately 5,000 people ( Figure 1) . Residents of the study villages generally had limited formal schooling and economic resources, as described previously (20, 25) .
Diarrhea surveillance
Originally, 21 villages representative of the study region were selected (for details, see Eisenberg et al. (26) ), and all households were recruited for enrollment. Consenting households (95% of those recruited) were visited weekly by local community health workers who were supervised by a nurse employed by the study investigators. This analysis included 19 villages because of the poor quality of diarrhea surveillance in 2 villages, which were excluded after a systematic evaluation of the consistency and quality of data for each village. Self-identified heads of households were asked about illnesses and symptoms in household members during the previous week. The World Health Organization-accepted definition of a diarrhea episode was used: 3 or more loose stools in a 24-hour period during the previous week. Diarrhea incidence was calculated for each village each week as the number of incident cases-diarrhea in persons who had not experienced diarrhea during the preceding week-divided by the population at risk. Consent was obtained at the village and household levels. Institutional review boards at the University of Michigan, the University of California, Berkeley, Trinity College, and Universidad San Francisco de Quito approved all protocols.
Rainfall
Precipitation was measured in 4 locations in the study region using HOBO data-logging rain gauges (Onset Corporation, Borne, Massachusetts). Because of equipment malfunction, gaps existed in the rainfall data for the period of study (see Web Figure 1 , available at http://aje.oxfordjournals. org/). We restricted our analysis to the continuous period during which rainfall was measured at 1 or more locations each day: February 18, 2004 , through April 18, 2007 . During this period, rainfall measurements were available from at least 2 sites for 49% of days and from 3 sites for 12% of days. We used a 2-step imputation procedure to estimate rainfall in villages and weeks for which observed data were not available (for details, see Web Appendix 1 and Web Tables 1 and 2 ). Measurements were summarized by week to correspond with the resolution of diarrhea incidence measures. We first used linear interpolation to estimate average and maximum 24-hour rainfall for each weather-monitoring location in weeks when rainfall measures were missing. We then used a nonparametric kriging approach to impute rainfall values for all study villages, based on data from the 4 weather-monitoring locations. Kriging has been found to provide more accurate climate predictions than other methods, such as inverse-distance weighting, linear regression, and nearest-neighbor predictions (27) (28) (29) . Additionally, this method is appropriate for sparsely observed data.
We defined a heavy rainfall event as maximum 24-hour rainfall above the 90th percentile value (56 mm) in a given 7-day period across all villages within the study period. We decided a priori to evaluate the impact of 1-and 2-weeklagged heavy rainfall events on diarrhea incidence because a 1-week lag is consistent with the incubation periods of common diarrheal pathogens and a 2-week lag would account for secondary transmission of pathogens within the community.
Because we hypothesized that the impact of heavy rainfall events on diarrhea incidence may depend on long-term prior rainfall patterns, we included a term for total rainfall during the 8 weeks preceding the measurement of heavy rainfall events. Use of this definition helped us avoid temporal overlap with the heavy rainfall variable. To avoid assumptions of linearity, we categorized 8-week rainfall into tertiles.
Social vulnerability
We also evaluated whether social variables known to directly affect diarrhea risk, including sanitation, drinking water treatment, hygiene practices, and social cohesion, modified the relationship between heavy rainfall events and diarrhea incidence. These variables were defined at the village level as follows:
• Sanitation: Percentage of households that reported using a public or private septic pit or a latrine (30).
• Water treatment: Percentage of households that reported using filtration, boiling, or chlorination to treat their drinking water (30).
• Hygiene: Average community score in a 23-item household hygiene evaluation conducted by study staff. The hygiene assessment included latrine cleanliness, the presence of soap, and water storage conditions. • Social cohesion: Average number of contacts reported by each village resident in a sociometric survey that asked, "In general, with whom do you spend time in your community, outside of household members?" (20, 26) .
Sanitation was assessed during the annual village census. Social cohesion was measured as part of a complete census of the population conducted in 2004 and 2007. Water treatment and hygiene were assessed during a concurrent case-control study of diarrhea in the same villages between August 2003 and October 2008 (26) . Village measures for these 2 variables were estimated by weighting each observed household using the inverse probability of being sampled. Measures were matched to surveillance data using data from the most recent survey.
Statistical analysis
In order to understand whether biophysical and social factors modify the relationship between heavy rainfall events and diarrhea incidence, we evaluated interactions between heavy rainfall events and biophysical and social variables, starting with the simplest model. For each analysis, we employed random-effects Poisson regression (31) with the number of incident diarrhea cases in a given village as the outcome. We included an offset for village population, allowing us to interpret the results in terms of the rate of diarrhea per unit of susceptible population. Models also included a random intercept for each village, to account for stable within-village correlations due to unobserved variables. Adjusted models additionally included diarrhea incidence 1 week prior, to account for short-term temporal autocorrelation of diarrhea incidence, and remoteness, a metric based on cost and duration of travel to the nearest city, because we have previously observed strong associations between diarrhea and remoteness and considered it a potential confounder (26) . All analyses were conducted using Stata 12 (StataCorp LP, College Station, Texas).
Prior rainfall as an effect modifier. We first tested the hypothesis that total rainfall in the previous 8 weeks modified the association between heavy rainfall events and diarrhea incidence. We included heavy rainfall, 8-week rainfall, and interaction terms in the statistical model and tested the significance of the interaction using the likelihood ratio test, comparing the above model with a model that had no interaction terms. Separate models were fitted using rainfall measures lagged by 1 and 2 weeks. While we did not expect lags beyond 2 weeks to be biologically meaningful, we additionally fitted models with 3-and 4-week-lagged rainfall measures to confirm that any associations observed between rainfall and diarrhea using shorter time lags attenuated toward the null over longer time lags.
To assess the sensitivity of our findings to our definition of heavy rainfall events, we modified our definition of heavy rainfall events to include maximum 24-hour rainfall above the 80th percentile value (41.3 mm) in a given 7-day period, following the approach taken by Curriero et al. (13) .
Social vulnerability as an effect modifier. We tested the hypothesis that water treatment, sanitation, hygiene, and social cohesion modify the association between heavy rainfall events and diarrhea incidence. Starting with the rainfalldiarrhea model above, we developed a model that included second-order interaction terms for interactions between each social vulnerability measure, modeled as a continuous variable, and both heavy rainfall events and total 8-week rainfall. We tested the significance of the interactions using the likelihood ratio test. Each social vulnerability metric was evaluated for interactions with rainfall separately. (Table 1) . Diarrhea incidence in children under 5 years of age was 13.08 cases per 1,000 person-weeks; however, because they contributed only 65,918 person-weeks, we did not carry out a subanalysis in children. We restricted our sample to villages and weeks for which diarrhea incidence in both the current week and the previous week was available; this included 2,626 of the 2,786 total village-weeks surveyed (94%). Diarrhea incidence was 4.09 cases per 1,000 personweeks in the village-weeks included in the analysis.
RESULTS
Diarrhea incidence
Rainfall showed distinct seasonal patterns, but the timing, severity, and duration of dry and wet periods varied by year (Figure 2 ). Most heavy rainfall events occurred during the months January through May, but heavy rainfall events occurred throughout the year.
On average, 29% of households in a given village and week reported treating their drinking water, and 46% reported access to improved sanitation (range for both: 0%-100%). Village hygiene scores ranged from 0.16 to 0.88 (mean = 0.57; maximum possible score, 1.00). Village social connectivity ranged from 1.5 contacts per person to 8.1 contacts per person (mean = 3.7). 
Prior rainfall as an effect modifier
Total rainfall during the previous 8 weeks modified the association between heavy rainfall events and diarrhea incidence, using a 2-week-lagged model (P = 0.0034) ( Table 2) . Heavy rainfall events were associated with increased diarrhea incidence during periods when 8-week rainfall was low (incidence rate ratio (IRR) = 1.39, 95% confidence interval (CI): 1.03, 1.87) and decreased diarrhea incidence during periods when 8-week rainfall was high (IRR = 0.74, 95% CI: 0.59, 0.92). The interaction was not statistically significant in the 1-week-lagged model (P = 0.9348). Using 3-and 4-weeklagged models, estimates attenuated toward the null (Web Table 3 ).
A sensitivity analysis in which heavy rainfall events were defined using the 80th percentile value (41.3 mm) revealed similar but attenuated results (Web Table 4 ). We selected the model with 2-week-lagged rainfall measures and an interaction between heavy rainfall events and total 8-week rainfall to evaluate whether social vulnerability further modified the relationship between heavy rainfall events and diarrhea.
Social vulnerability as an effect modifier
Water treatment modified the relationship between heavy rainfall events and diarrhea incidence (P = 0.0036) (Figure 3 and Web Table 5 ). When rainfall during the prior 8 weeks was low and community water treatment was high, the association between heavy rainfall events and diarrhea incidence was diminished. Similarly, when rainfall during the prior 8 weeks was moderate or high and community water treatment was high, heavy rainfall events were associated with a decreased incidence of diarrhea.
Sanitation, hygiene, and social cohesion did not modify the relationship between heavy rainfall events and diarrhea incidence (P = 0.1216, P = 0.0848, and P = 0.3607, respectively). Third-order interaction terms did not improve any of the social vulnerability models.
Because village 12 contributed the fewest surveillance weeks and had the highest diarrhea incidence, we repeated analyses after excluding village 12. Estimates of association and inference were consistent with those of the principal analysis (results not shown).
DISCUSSION
In this study, the relationship between heavy rainfall events and diarrhea incidence depended on recent rainfall patterns and drinking water treatment. Heavy rainfall events were associated with increased diarrhea incidence following relatively dry periods and with decreased diarrhea incidence following relatively wet periods. Drinking water treatment lessened the negative health impacts of heavy rainfall events following dry periods and amplified the positive health impacts of heavy rainfall events following wet periods. These findings shed light on potential mechanisms by which rainfall contributes to diarrhea incidence and suggest that drinking water treatment could be an important adaptation measure for climate-driven changes in rainfall.
We propose that heavy rainfall events can increase diarrhea rates by flushing pathogens into surface drinking water sources-pathogens that have accumulated in the environment due to improper disposal of feces. Humans ingest these pathogens when they consume untreated drinking water. In tropical conditions, bacteria such as Escherichia coli can survive and even regrow outside of animal hosts (32) . Rainfall can flush accumulated pathogens into surface water directly, through runoff, and indirectly, through the mobilization of bacteria in soil. During wet periods, rainfall may regularly flush pathogens from the village environment. Heavy rainfall events following wet periods may further dilute pathogen concentrations, decreasing opportunities for transmission to humans. In contrast, during dry periods the lack of rainfall may allow pathogens to build up in the environment. Heavy rainfall events following dry periods have the potential to deliver a concentrated pulse of pathogens into surface water. Our finding that recent rainfall modifies the relationship between heavy rainfall events and diarrhea incidence supports this surface-water contamination model Abbreviations: CI, confidence interval; IRR, incidence rate ratio. a A heavy rainfall event was defined as maximum 24-hour rainfall above the 90th percentile value (56 mm) during a 1-week period. Estimates were modeled using random-effects Poisson regression, with a random intercept for each village.
b Results were adjusted for diarrhea incidence during the prior week and remoteness (cost and duration of travel to the nearest city, scaled so that the most remote village had a value of 1).
c Total rainfall during the previous 8 weeks, defined as low (78-425 mm), moderate (426-604 mm), or high (605-1,356 mm) on the basis of the 33rd and 66th percentile values.
and implies that pathogen accumulation in the environment plays an important role in determining the health risks of heavy rainfall events.
We also observed that drinking water treatment reduced the negative health impacts of heavy rainfall events during dry periods. During the study period, people depended on surface water, rainwater, and, to a limited extent, unprotected wells for drinking water. Household water treatment is known to be effective in reducing diarrhea incidence by reducing ingestion of pathogens (19, 33) . In our analysis, when 71% of households in a community reported water treatment, heavy rainfall events had no impact on diarrhea incidence during dry periods (IRR = 1.00, 95% CI: 0.66, 1.52). Thus, if pathogens are introduced into drinking water sources by heavy rainfall events, drinking water treatment may reduce population exposure to rainfall-washed pathogens.
This analysis demonstrates that both environmental and social drivers can modify the relationship between climate and disease, and might explain why other researchers have found inconsistent relationships between rainfall and diarrhea. Biophysical and social conditions determine a community's vulnerability to extreme weather events such as heavy rainfall, drought, flooding, and increasing temperatures. These conditions must be taken into account in investigations of the impact of climatic drivers on disease outcomes.
While biophysical conditions may be beyond a community's control, human interventions can alter social conditions. We found that the deleterious health impacts of heavy rainfall events were greatest in communities where drinking water treatment was rare. Investments in water treatment interventions could reduce the excess burden of diarrheal diseases under future climatic conditions with more highly variable rainfall patterns. Improving water treatment can be a local adaptation strategy, through household water treatment, or a more centralized effort to improve municipal water treatment and distribution infrastructure. Sanitation, hygiene, and social cohesion did not modify the relationship between rainfall events and diarrhea. This may indicate a lack of involvement in the rainfall-diarrhea disease pathway, underscoring the importance of drinking water treatment. Alternatively, it could be due to limitations in how we characterized these factors. These metrics were measured at annual (water treatment, hygiene, and sanitation) or 3-year (social cohesion) intervals. Behaviors such as latrine usage may vary in relation to weather patterns. The impact of social networks on disease in this region (20) may work at a longer time scale than the scales associated with heavy rainfall events, and other metrics might better reflect a community's ability to respond or adapt to heavy rainfall events than the social-network variable we chose a priori to evaluate. Latrines might concentrate pathogens and, if not sealed, could overflow during a heavy rainfall event, increasing exposure to pathogens. Communities with higher open defecation rates might experience more dispersion of microbial contamination during regular rainfall events.
We found that heavy rainfall events affected diarrheal disease incidence 2 weeks later, but not 1 week later. The incubation period for diarrheal pathogens commonly found in this region, primarily rotavirus and pathogenic E. coli (26) , is typically on the order of 1 week. This suggests that heavy rainfall events following dry periods might cause a limited number of primary infections that subsequently trigger a set of secondary transmission events that are detectable 2 weeks later.
Our analysis was based on imputed rainfall values, which are subject to error, particularly when imputing maximum values, which we used to classify heavy rainfall events. Our cross-validation showed that our estimates were unbiased and correlated with observed rainfall measures, but there was greater error for our estimates of maximum 24-hour rainfall than for our estimates of average rainfall. Generally, nondifferential error biases estimates toward the null, making our estimates conservative. To evaluate the impact of the imputation on our findings, we conducted a sensitivity analysis restricting our sample to observed rainfall data and villages located within 10 km of a rainfall monitor. We found relationships between heavy rainfall events and 8-week rainfall and diarrhea incidence that are consistent with our main findings, albeit with considerable uncertainty given the smaller sample size (Web Appendix 2, Web Table 6 ).
Implications under future climate scenarios
Regional climate models predict more intense and/or frequent rainfall extremes in northwestern Ecuador (34, 35) . Our findings suggest that the cumulative impact of climate change on diarrhea in the region will depend on the number of heavy rainfall events that occur during dry periods versus wet periods. Our model predicts a rise in diarrhea incidence from 4.12 cases per 1,000 people (baseline incidence in this study) to 5.73 (range, 4.24-7.70) cases per 1,000 people for each week with a heavy rainfall event when average rainfall has been low and a decline in diarrhea incidence to 3.05 (range, 2.43-3.79) cases per 1,000 people for each week with a heavy rainfall event when average rainfall has been high, assuming no change in water treatment behaviors. These estimates pertain to perturbations in rainfall patterns within the range of our observed data, not to extreme rainfall events such as 100-year floods, which are also predicted to increase under future climate scenarios (2). These results have implications for areas of the world that are expected to experience higher variability in precipitation in the future. They are consistent with findings in the United States (13) , where heavy rainfall events have taxed well-developed water and sanitation infrastructures to the point where they have been associated with outbreaks of gastrointestinal illness.
Conclusions
Heavy rainfall events present the greatest risk of diarrhea transmission following periods of low rainfall. Interventions designed to increase drinking water treatment may reduce the incidence of rainfall-associated diarrhea. Our findings underscore the need to account for social and biophysical factors when evaluating the effects of climate on disease.
